A PCR-coupled ligase chain reaction (LCR) assay was developed to distinguish the plant pathogenic bacterium Erwinia stewartii from other erwiniae. This new technique allows discrimination to the species level on the basis of a single-base-pair difference in the 16S rRNA gene which is unique to E. stewartii. Portions of the 16S rRNA genes of E. stewartii and the closely related Erwinia herbicola were sequenced. From comparison of the two 16S rRNA gene regions, two primer pairs were constructed such that only E. stewartii DNA gave a product in the LCR assay. The ligated product was separated from the radioactively labelled primers by denaturing polyacrylamide gel electrophoresis and visualized by autoradiography. Twenty-four different
Erwinia species and strains were tested by PCR-coupled LCR to verify the specificity of the assay, and only E. stewartii strains gave a positive reaction. In addition, infected and healthy plant material was also assayed. E. stewartii was detected in infected plant material, even when large populations of epiphytic bacteria were present. No enrichment was necessary for detection of the pathogen in corn leaves. This assay has potential as a diagnostic technique for the detection of E. stewartii in infected plant and vector material.
Stewart's bacterial wilt is a disease of corn (Zea mays L.) caused by the bacterium Envinia stewartii (Smith) Dye. On corn seedlings at the three-to five-leaf stage, the disease is characterized by water-soaked lesions on leaves, leading to stunted plants with severe yield reductions in susceptible and moderately susceptible corn hybrids (11, 17, 24) . The corn flea beetle, Chaetocnema pulicaria Melsh., is the overwintering host and vector of E. stewartii, and the abundance of primary inoculum is related to corn flea beetle populations.
Because of its sporadic nature, the disease has not been thoroughly researched. Little is known about the distribution and prevalence of E. stewartii strains, the role of symptomless carriers, and the prevalence of seed transmission of the bacteria. The potential risk of seed transmission is so important in international shipment of seed that more than 50 countries ban import of seed corn unless it is certified free of E. stewartii (15) . Usually, seed is certified by field inspection for Stewart's wilt of corn plants to be harvested for seed, or by a seed health test. The seed health test involves germinating the seed to determine whether the resulting seedling shows detectable symptoms (15) . Since neither of these methods is very sensitive, a double sandwich enzyme-linked immunosorbent assay (ELISA) was developed to detect low levels of E. stewartii in seed. This assay uses polyclonal antibodies for capture and monoclonal antibodies for detection and has a detection limit of 2 x 104 cells per g of seed (15) .
To facilitate an understanding of the epidemiology of Stewart's wilt and to improve methods for detecting the pathogen, development of a species-specific nucleic acid probe to detect E. stewartii directly from plant and vector material was begun. A nucleic acid probe in an enzymatic amplification format should be able to decrease detection limits while retaining the specificity and utility of ELISA.
The 16S rRNA gene (16S rDNA) is in general phylogenetically conserved, and limited variable regions within this gene constitute a distinct signature for a bacterial species. Microorganisms are phylogenetically placed according to the sequence homology of the variable regions of the 16S rDNA. This information is used to design probes for detecting microorganisms, and this detection method has become the preferred method for identifying microorganisms when no other unique nucleic acid sequences which can serve as potential targets are known (26) . DeParasis and Roth (10) evaluated the ability of probes based on 16S rDNA sequences to differentiate several plant pathogenic bacteria. They concluded that phytobacteria could be identified to genus level with a 16S rRNA hybridization probe. However, their 16S rRNA sequence for various phytobacteria suggested sufficient variability to differentiate bacteria to the species level by a ligase chain reaction (LCR) assay. Since E. stewartii was not included in the DeParasis and Roth study and no 16S rDNA sequence information was available for this organism, a portion of the gene was sequenced as part of our efforts to design the LCR primers.
LCR is a highly sensitive and specific method for distinguishing single-base-pair differences between DNA sequences (2, 3) . Two pairs of primers, adjacent to one another on one strand each of target DNA, are designed so that the 3' end of each upstream primer terminates at a nucleotide that is complementary in the targeted DNA but is mismatched in the DNA of closely related targets (see Fig. 1 (3) .
In this paper, the 16S rDNAs of E. stewartii and Erwinia herbicola were PCR amplified and cloned. Portions of the genes were sequenced. Differences found between these two closely related species were used to design LCR primers that were successful in distinguishing the corn pathogen E. stewartii from other erwiniae and corn epiphytes.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Erwinia species and strains used in this study and their sources are shown in Table 1 . Bacteria were stored frozen at -70°C and cultured at 28°C on tryptone-yeast extract-phosphate medium (TYP) consisting of 10 g of Bacto-tryptone, 5 g of yeast extract, 2.2 g of K2HPO4-3H20, 0.75 g of KH2PO4, and 18 g of Bacto-agar per liter of distilled water. Luria-Bertani medium was used to grow erwiniae for DNA preparations (1). Identities of E. stewartii strains were confirmed by colonial morphology on TYP, oxidative-fermentative reaction, lack of motility, and pathogenicity tests on the susceptible sweet corn cultivar Jubilee. Other Erwinia species used in this study were obtained from the culture collection of Steven V. Beer, Department of Plant Pathology, Cornell University.
Amplification, cloning, and sequencing of 16S rDNA. Genomic DNA was isolated from 24-h cultures of E. stewartii 20 and E. herbicola 252 by the method of Ausubel et al. (1) , except that the lysates were extracted two times with chloroform to remove residual phenol. PCR amplification and sequencing of the 16S rDNA were carried out essentially as described by Czajka et al. (9) . The pair of primers 16S-P5 and 16S-P3 (100 ,uM), from the conserved region in the 16S rDNA, was used to amplify the complete gene (Table 2) (9, 26) . Amplification reactions were performed on a Hybaid TR1 thermocycler with 2.5 U of Taq polymerase (Promega, Madison, Wis.) and 100 ng of genomic DNA for one cycle of 10 min at 90°C; 25 cycles of 30 s at 94°C, 30 s at 42°C, and 1 min at 72°C; followed by 1 cycle for 5 min at 72°C. The fastest transitions between temperatures were used. The PCR product was purified from residual primers and Taq DNA polymerase by phenol-chloroform extraction followed by ethanol precipitation according to standard procedures (21) and dissolved in distilled water. Purified product was restricted with SalI and BamHI, and the restricted products were ligated into M13mpl8/19. Sequences were determined by using single-stranded M13mpl8/19 template and the standard -40 primer (22, 25) . A Sequenase kit with 7-deazaGTP (U.S. Biochemicals, Cleveland, Ohio) was employed for all sequencing reactions.
LCR primers. Two pairs of primers (Esl-Es2 and Es3-Es4) were designed to flank a single-base-pair difference determined by 16S rDNA sequence comparisons of E. stewartii and E. herbicola (Fig. 1) . On the 5' end of Esl and Es4, two-nucleotide tails (GG) were added to prevent ligation to the 3' ends of the other primers (3). Primer length was selected so that the primers would have a dissociation temperature (Td) of 70 + 2°C. Primer sequences are shown in Table 2 . Primers Es2 and Es3 were end labelled with [.y-32P]ATP (Amersham, Arlington Heights, Ill.) and polynucleotide kinase as described previously (2) .
Preparation of DNA for PCR and LCR. Minipreparations of genomic DNA from various Erwinia isolates were obtained by the method of Ausubel et al. (1) . DNA concentration was determined by measuring the A260, and 100 ng of DNA was used in the PCR. Alternatively, crude lysis of the bacterial cells was performed to recover DNA. Erwiniae were grown in 5 ml of Luria-Bertani medium at 28°C on a shaker at 150 rpm. Cells from 18-to 24-h cultures were pelleted, resuspended in 95 ,u1 of lx Taq buffer (Promega), and lysed by incubation with 4 ,ul of lysozyme (50 mg/ml) for 15 min at room temperature. One microliter of proteinase K (20 mg/ml) was then added, and the lysate was incubated for 1 h at 60°C. The lysate was divided into two 50-pI aliquots and boiled for 10 min. A total of 5 p1 of the boiled lysate was used for PCR.
PCR and LCR conditions. PCR amplification conditions for PCR-coupled LCR were 1 cycle of 4 min at 92°C followed by 25 cycles of 1 min at 94°C, 1.5 min at 50°C, and 1.5 min at 72°C, with a final extension of 6 min at 72°C. Any residual Taq DNA polymerase activity was eliminated by one cycle of 15 min at 97°C. PCR product was observed on 1.5% agarose gels after electrophoresis and ethidium bromide staining (1) . LCR was performed as described previously (28) . Optimal reaction conditions were 25 cycles of 1 min at 94°C and 4 min at 65°C.
Preparation of plant material for PCR and LCR and reaction conditions. Infected corn plants were generated by stabbing the stems of susceptible sweet corn cultivar Jubilee seedlings with a toothpick dipped into a 24-h culture of E. stewartii grown on TYP agar. After one week, 0.5 g of leaves from infected plants and healthy plant controls was cut, surface sterilized in 70% ethanol, and rinsed in sterile distilled water. The leaves were then placed into a 0.5-ml microcentrifuge tube with the bottom punctured with an 18-gauge needle. The 0.5-ml tube was placed into a 1.5-ml tube, secured with Parafilm, and centrifuged for 2 min. The plant extract, collected in the 1.5-ml tube, was diluted 10-and 100-fold in sterile distilled water. One hundred microliters of the diluted extract was processed as described for crude lysis of bacterial cells.
A hot-start PCR was performed with 5 p1 of the processed extract, 0.125 mM deoxynucleoside triphosphates, 1 rDNA. In order to design LCR primers for E. stewartii, the 16S rDNAs from E. stewartii and E. herbicola were amplified by PCR, and sequence differences between the two closely related bacteria were identified. The 1.5-kb amplification product was restricted with Sall and BamHI for ligation into M13. When the product was restricted, however, two fragments of approximately 0.9 and 0.6 kb were observed. Amplification products were therefore digested with each enzyme separately to reveal an unexpected SalI site, rarely found internally within 16S rDNA (26) . When later sequenced and aligned to the Escherichia coli 16S rDNA (7), the SalI restriction site was found to be 873 bp into the 16S rDNA of both E. stewartii and E. herbicola. The 624-bp SalI-BamHI 3'-terminal fragment was ligated into M13mpl8/19.
Several single-stranded M13 templates were sequenced for both E. stewartii and E. herbicola, and sequences were compared between species for differences and within the same species for discrepancies. Approximately 240 bp of the 16S rDNA fragment was sequenced, and comparisons revealed three base pair differences in the V3 region (13), at nucleotides (nt) 1001 (C to A), 1008 (G to A), and 1019 (C to T). Figure 2 highlights a 120-nt segment containing these base pair differences. A total of 10 templates were sequenced, 5 amplified to yield an LCR product. Figure 1 shows a schematic diagram of primers and target DNA used in the LCR.
Previous work by Wiedmann et al. (28) documented that the Td of the primers was important: the primers that worked best had Tds of 70 + 2°C, and primer pairs had little variation in Td. Primer pairs for E. stewartii were designed accordingly, as shown in Table 2 .
The LCR assay was successful in distinguishing E. stewartii from other Erwinia species (Table 1) . To increase the sensitivity of the assay, a PCR-coupled LCR was performed. Genomic DNA of the test isolates was amplified by PCR with the universal 16S primers 16S-P5 and 16S-P3 (Table 2) . Whether genomic DNA was from a minipreparation (purified or unpurified after PCR) (Fig. 3) , from plant extract lysate (Fig. 4) , or from a crude bacterial lysate (see Fig. 6 ) made no significant difference in the LCR assay; equivalent results were obtained. Figure 3 shows a typical autoradiograph of E. stewartii and E. herbicola after LCR and gel electrophoresis. The upper bands correspond to the 46-nt ligation product, while the lower band represents the two unligated radiolabelled primers (Es2 and Es3). Both were 24 nt in length and were not resolved on the denaturing gel. The other two 22-nt primers (Esl and Es4) are unlabelled and therefore are not observed. A clear distinction between E. stewartii and E. herbicola can be seen. Other Erwinia spp., including Erwinia amylovora and Erwinia carotovora pv. betavasculorum, produced results similar to those produced by E. herbicola; only a trace amount of LCR product was observed. While it is normal to have some background in an LCR assay with a difference of only a single base pair at the primer junction, efforts were made to identify the source of the background and to minimize it.
To determine whether the background increased as the number of ligation cycles increased, the number of LCR cycles was varied to 5, 10, 15, 20, and 25. E. stewartii, E. herbicola, and a negative control consisting of no target DNA were assayed by LCR. Bands corresponding to the 46-nt LCR product and 24-nt primers were excised from the polyacrylamide gel at the specified number of cycles. Specific activity of the products and unligated primers was measured by liquid scintillation counting. The percentage of total activity of primers converted to product was calculated and graphed (Fig. 4) . Background (percentage of primer activity incorporated into product for E. herbicola) remained relatively constant. As the number of cycles increased from 5 to 25, the amount of ligated product increased from 5.6 to 28.8% with E. stewartii target DNA. Twenty-five cycles were routinely performed for LCR.
Corn leaves infected with E. stewartii were readily distinguished from healthy corn leaves by LCR. Figure 5 shows the results from a PCR-coupled LCR of infected and healthy corn tissue. Amplified DNA product was obtained when the tissue extract was diluted 10-and 100-fold, and an LCR product was present in infected tissue but not in healthy tissue diluted 10 with 100 ng of E. stewartii bacterial DNA. LCR product was present in the spiked diluted healthy tissue (Fig. 5) . Extracts from infected plants were also plated on Trypticase soy agar (Difco, Detroit, Mich.) and grown for 24 h at 25°C. On the basis of colonial morphology, three different bacteria were present in the infected plant extract. Twenty-four-hour pure cultures of the three bacterial isolates were prepared as described for crude lysis of bacterial cells. PCR-coupled LCR identified one of the isolates as E. stewartii (Fig. 6) . From the dilution plates, the concentrations of the two corn epiphytes were 1.1 x 108 and 1.5 x 108 CFU/g of plant tissue, and the concentration of E. stewartii was 3.0 x 108 CFU/g of plant tissue. The E. stewartii which was positive by LCR was confirmed as E. stewartii by inoculation into a corn seedling. The seedling developed Stewart's wilt within one week. Therefore, PCR-coupled LCR can detect E. stewartii in mixed culture directly from plant material. PCR-coupled LCR has been shown to be a highly sensitive and specific method to identify and detect bacteria (27, 28) . PCR enhances sensitivity by amplifying the target DNA region, and LCR provides the specificity since a positive reaction is only observed upon ligation of primer pairs when the 3' end of the primer at the junction is complementary to the target.
In our PCR-coupled LCR assay, the sensitivity from infected plants was 1.9 x 103 CFU/g of plant tissue. In pure culture, we detected 1.9 x 104 CFU/ml (data not shown). In a mixed plant sample, where there were more than one bacterial species present, E. stewartii was also detected.
As in any detection assay, a negative result implies that there are no bacteria present above the sensitivity level in a particular sample. If a sample has a larger amount of contaminant than target organism, sensitivity may be affected by competition between amplifiable templates.
E. stewartii is a wilt pathogen and is found inside host plants.
The plant material to be tested is surface disinfected prior to extraction to avoid contaminants found on the plant surface. From our experience of isolating bacteria on nonselective media from surface-disinfested corn leaves, E. stewartii, if present, is always found in larger amounts than other microorganisms. If the plant is healthy, there are few, if any, organisms present.
The sequences of the LCR primers for detection of E. stewartii were derived from the 16S rDNA, which in general is phylogenetically conserved. Variable segments in the 16S rDNA are highly but not completely homologous among closely related bacteria yet diverge among distantly related bacteria. Discrimination between closely related bacteria virtually ensures discrimination between less closely related bacteria (29) .
Species in the genus Erwinia are classified into three groups, herbicola, amylovora, and carotovora, on the basis of their biochemical reactions (12, 16) . E. stewartii is a member of the amylovora group, and E. herbicola is a member of the herbicola group. It is important to differentiate between these bacteria because E. herbicola is a closely related epiphyte found on corn leaves. In our experiments, PCR-coupled LCR was highly specific, differentiating between these two bacteria. Representatives of the amylovora group (E. amylovora) and the carotovora group (E. carotovora pv. betavasculorum) were also distinguished from E. stewartii by PCR-coupled LCR. Artificially infected corn plants, when subjected to PCR-coupled LCR, were distinguished from healthy uninoculated corn plants. We were also able to a detect E. stewartii at 1.9 x 103 CFU/g of corn tissue in a naturally infected asymptomatic corn plant.
A very small amount of false-positive ligation product was sometimes present even in the absence of any target DNA. Primers annealing to mismatched target DNA yielded on average 3.8% false ligation product, and 28.8% of the primers were ligated after 25 cycles when the E. stewartii target DNA was present. True ligation product, after 25 cycles, represented a sevenfold-greater signal than background and was clearly distinguished on the autoradiograph. There was no increase in the amount of false-positive ligation products with increased amplification cycles. This background of false-positive ligation products did not serve as templates for further amplification cycles, and the products were nonligation dependent in this system. Therefore, they are not authentic LCR products. Self-annealing of one of the primers may be a reason for the formation of false ligation product (28) . Adding salmon sperm DNA at various concentrations from 200 to 600 ,ug/ml to reduce nonspecific binding also inhibited LCR product formation. Increasing the annealing temperature in 10 increments from 65 to 68°C also reduced LCR product formation. Wiedmann et al. (28) reported that inclusion of 0.01% Triton X-100 in the LCR mixture increased efficiency but enhanced false-positive ligations, which, however, may be reduced by using smaller amounts of target DNA (<5 fmol). In any event, positive and negative controls were included in all reactions and compared with the samples when judging results positive or negative.
Development of specific, sensitive probes for phytobacteria is important for understanding the epidemiology of plant disease and useful for evaluating control strategies. Isolating pure cultures is time-consuming and laborious, and selective medium itself reduces the number of bacteria recovered from environmental samples (19) . Bacteria can also exist in the environment in a viable but nonculturable state (8) . Low levels of bacteria or latent infections present in plant material may remain undetectable.
The PCR-coupled LCR assay will ultimately be used to study the epidemiology of Stewart's bacterial wilt of corn. In Stewart's wilt, E. stewartii is transmitted by the corn flea beetle (C. pulicaria), which injects the bacteria into corn leaves while feeding. The bacteria move systemically through the plant, eventually plugging up the xylem. The corn flea beetle is known to have alternate hosts which could serve as reservoirs, carrying the bacteria at low levels (20) . Although the flea beetle is the predominant vector of E. stewartii, other insects may be harboring the pathogen at low levels (18) . The bacteria could also be present in corn seed at levels not detectable by current methods (15) . Braun, in studying resistant and susceptible maize inbred lines, showed that E. stewartii populations increased at similar rates in the leaves of both resistant and susceptible plants (6) . Latent infections of resistant lines could serve as reservoirs for the pathogen. A specific, sensitive method to detect E. stewartii would result in a better understanding of the epidemiology of Stewart's wilt. More effective control measures based on the knowledge gained could be adopted.
